Detection of pathogen-derived nucleic acids by pattern recognition receptors (PRRs) is essential for the host to mount an appropriate immune response, which for viruses involves the induction of type I interferons (IFNs). On the other hand, inappropriate activation of PRRs by self nucleic acids can lead to autoimmunity. Recent developments in PRR research have uncovered important new molecular details as to how Toll-like receptors and RIG-I-like receptors distinguish pathogenfrom self-RNA, while the discovery of cytosolic DNA sensing pathways for IFN induction has revealed completely new innate signaling mechanisms, and also questions how innate immunity discriminates between self-and non-self DNA, if at all.
Extensive work over the past 15 years has led to the discovery and characterisation of various PRR families present in distinct cellular compartments. However very recently there has been an acceleration of research and discoveries relating to how, and indeed why, PRRs sense pathogen-derived nucleic acids. The innate immune system's ability to detect RNA and DNA via endosomal and cytosolic PRRs ( Figure 1 , Table 1 ) is an essential mechanism to mount protective immune responses especially to viruses, as they do not have many other features suitable for detection. However, this bears the risk of self-recognition, as nucleic acids, unlike most other PAMPs, are highly abundant in the host. The new field of cytosolic DNA sensing in particular has seen a rapid development in the past few years, while new insights into how established PRRs, such as the Toll-like receptors (TLRs) and retinoic-acidinducible gene I (RIG-I) like receptors (RLRs), engage with and discriminate microbial RNA have recently emerged and are described below.
While pathogen-specific motifs have been identified for RNA detection, the ability of cytosolic DNA sensing mechanisms to discriminate pathogen from self nucleic acid is less clear. Understanding the mechanisms of nucleic acid sensing and signaling is of vast interest since it provides a molecular basis to explain both pathogen detection and autoimmunity. Although the picture is far from being complete, this review aims to capture the main recent developments in the fast-growing area of nucleic acid sensing and signaling.
Endosomal nucleic acid sensing by TLRs
The first identified and best characterized PRR family is the membrane-bound TLRs. With their recognition domain facing towards the extracellular space or the endosomal lumen, TLRs, respectively, detect either microbial surface molecules or pathogen-derived nucleic acids in the endocytic compartment. The endosomal TLRs, namely TLR3, 7, 8 and 9, sample the lumen for nucleic acids derived from phagocytosed microbes or infected apoptotic cells. Ligand-binding initiates the formation of a signaling platform at the cytosolic face of the TLR dimer, which subsequently leads to homotypic interaction with distinct TIR domain-containing adaptor proteins to selectively induce downstream signaling ( Figure 1 ) [3] . Endosomal TLR3 signals solely via the adaptor TIR domain-containing adaptor inducing IFN-β (TRIF), while TLR7, 8 and 9 depend on myeloid differentiation factor-88 (MyD88). Both pathways subsequently activate the IκB kinase (IKK) complex leading to nuclear translocation of the transcription factor nuclear factor (NF)-κB to upregulate the expression of inflammatory cytokines and chemokines. IFN regulatory factor (IRF) transcription factors crucial for the induction of type I IFNs (IFN-α and IFN-β) are also activated by endosomal TLRs: for TLR3 the TRIF pathway signals through the noncanonical IKKs, TANK-binding kinase-1 (TBK1) and IKKε, to activate IRF3 and IFN-β expression, while for TLR7, 8 and 9 MyD88 activates IRF7 via IKKα leading to induction of IFN-α. The latter pathway is particularly important in plasmacytoid DCs (pDCs) that induce strong antiviral immune responses [4] . Although the main ligands for endosomal TLRs and their signaling mechanisms are now well established, new insights into the context and consequences of nucleic acid sensing by TLRs continue to emerge.
Potential clinical relevance of RNA sensing by TLRs
It has been known for some time that double-stranded RNA (dsRNA) is a key signature of viral infection, and that treatment of cells with the synthetic dsRNA analog polyinosinicpolycytidylic acid (Poly(I:C)) is an effective mimic of viral infection. TLR3 specifically recognizes dsRNA, such as the genome of reoviruses or dsRNA generated during replication of single-stranded RNA (ssRNA) viruses. Importantly, dsRNA is also produced by DNA viruses such as herpesviruses, likely due to overlapping converging transcription of viral genes [5] . Of note, TLR3 is one of the few PRRs linked to human disease, and in that context children with a defective TLR3 are known to be more susceptible to herpes simplex virus 1 (HSV-1) encephalitis [6] . In mice TLR3 deficiency has recently been shown to render astrocytes permissive to HSV and facilitates the establishment of a central nervous system infection [7] . Lafaille et al. then showed, by deriving induced pluripotent stem cells (iPSC) from TLR3-deficient patients, that TLR3-deficient neurons were highly susceptible to HSV-1 infection, providing a cellular basis for the increased susceptibility to HSV-1 encephalitis [8] . These studies demonstrate the physiological importance of nucleic acid detection by PRRs in infectious disease. Furthermore, in a separate study that elegantly demonstrated the potential clinical relevance of TLR3 detection of dsRNA, it was discovered that TLR3 sensing of retroviral expression vectors is essential for efficient nuclear reprogramming of iPSCs [9] . This provided an explanation as to why retrovirally delivered reprogramming factors generate iPSCs, whereas cell permeant proteins do not, since the retroviral RNA stimulates TLR3-dependent chromatin remodeling necessary for proper nuclear reprogramming.
TLR7 and TLR8 are known to sense guanosine/uridine (GU)-rich ssRNA of RNA viruses. Similar to TLR3, TLR7 has also been shown to have a role in responding to retroviruses. In this case TLR7 on B cells and/or DCs was shown by Yu et al. to be activated in response to endogenous retroviruses, leading to the production of protective anti-retroviral antibodies and suppression of viraemia in a mouse model [10] . It is conceivable thus that TLR7, and the highly related TLR8, may have a role in preventing endogenous retroviruses from causing human disease [11] .
Detection of bacterial ribosomal RNA by TLR13
The recent identification of bacterial 23S ribosomal RNA (rRNA) as a ligand for mouse TLR13 identifies bacterial rRNA as yet another pathogen nucleic acid PAMP. It had been appreciated that bacterial RNA could induce cytokines and IFNs in a MyD88-dependent manner, but the sensing mechanism or TLR involved was not known. Three recent studies pinpointed TLR13 as the PRR. Similar to TLR3 and 7, TLR13 resides in the endosome and Hidmark et al. showed that small interfering RNA (siRNA) targeting TLR13 inhibited the ability of Gram-positive bacterial RNA to induce cytokine production from DCs [12] . Two other studies demonstrated sequence-specific sensing by TLR13 of 23S rRNA [13, 14] . This establishes 23S rRNA as a bona fide PAMP and provides a rare example (to date) of PRR sensing of bacterial, as opposed to viral, RNA. Very interestingly, the RNA sequence recognized by TLR13 is within a region of RNA recognized by certain antibiotics, and clinical isolates of Staphylococcus aureus that were resistant to such antibiotics also lacked the ability to stimulate mouse TLR13 [13] . Thus the authors suggest that ancient antibiotic resistance has subverted TLR13-driven antibacterial immune responses, which may explain why TLR13 expression has been abandoned in certain mammals, including humans [13] .
Cytosolic RNA sensing by helicases
Apart from endosomal sensing by TLRs, viral RNA also is detected in the cytosol by RLRs, which are DExD/H-box helicases. These PRRs are mobilized to detect viral RNA species during intracellular viral invasion and replication, and are potent inducers of type I IFNs in most cell types (in contrast to the more cell-restricted expression pattern of TLR3 and TLR7) leading to the establishment of the antiviral immune response. The RLR family consists of three members: retinoic acid-inducible gene I (RIG-I), melanoma differentiationassociated gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) [15] . RIG-I and MDA5 share a similar domain structure, composed of two N-terminal caspase activation and recruitment domains (CARDs) required for downstream signaling, a central DExD/Hbox RNA helicase domain with the capacity to hydrolyse ATP and a C-terminal domain (CTD). LGP2, however, lacks the CARD domains and therefore the signaling function. Unlike nucleic acid-sensing TLRs, which are sequestered in the endosomal compartment, the cytosolic RLRs are surrounded by various host RNAs, which raises the question of self versus non-self discrimination.
Activated RIG-I and MDA5 are subsequently recruited to the mitochondrial antiviral signaling (MAVS, also known as IPS-1, VISA, Cardif) adaptor, followed by homotypic CARD-CARD interaction with the adaptor and initiation of downstream signaling via MAVS oligomerisation (Figure 1 ). The mitochondrial location provides a platform for the recruitment of distinct signaling molecules to MAVS leading to activation of NF-κB and IRFs for gene induction.
Recent studies revealed that RIG-I indeed recognizes pathogen-specific molecular features of viral RNA that are absent in host RNA. The receptor is potently activated by short, uncapped 5′-triphosphate (5′ppp) ssRNA juxtaposed to a short region of dsRNA [16, 17] . This is a nucleic acid motif known to be present in some RNA virus genomes, very distinct from endogenous RNA transcripts that are 'capped' by a 7-methyl-guanosine group at the 5′ end. Both RIG-I and MDA5 also respond to dsRNA, but with different dependency on length. It was demonstrated that synthetic Poly(I:C), which forms dsRNA molecules longer than 1 kilo base pairs (kbp), was preferentially recognized by MDA5, but could be converted to a RIG-I ligand by shortening of the dsRNA length [18] . RIG-I was shown to respond to dsRNA fragments as short as 23bp with a preference for blunt-ended RNA [19] . The distinct ligand specificity of both receptors becomes apparent in vivo in the selective detection of RNA viruses, however, a subset of viruses are sensed by both ( Table 1) . The third member, LGP2, is also able to bind RNA, but the functional consequences are still not fully understood. While LGP2 was found to negatively regulate RIG-I signaling in vitro [20] , studies of Lgp2-deficient mice also suggested positive roles of LGP2 in RIG-I and MDA5-mediated responses to RNA viruses [21, 22] .
Structural basis of self-versus non-self RNA discrimination by RLRs
It was unclear for some time how RLRs bind their ligands, as none of the helicases contain a classical RNA-binding motif. However recent studies solving the crystal structure of both RIG-I and MDA5 in complex with RNA ligands have revealed the molecular mechanism of viral RNA sensing by RLRs. The CTD was shown to be involved in RNA recognition, and in the case of RIG-I a large, positively charged cleft in the CTD was required for 5′ppp dsRNA-binding. The structural analysis provided detailed insights into the ligand-binding and activation mechanism of RIG-I [23, 24] . RIG-I is held in an auto-repressed conformation, with the CARDs sequestered by the helicase subdomains and not available for signaling. Initial binding of the 5′ppp RNA motif to the CTD is followed by cooperative tight binding of ATP and RNA to the helicase domain, which leads to a conformational change that pushes the CARDs out of the complex.
While RIG-I primarily recognizes the terminal region of dsRNA (with a 5′ppp motif), MDA5 was shown to recognize the internal duplex structure of dsRNA [25] . This study also provides the rationale as to why MDA5 signals in response to long dsRNA, because MDA5 uses a molecule of long RNA as a signaling platform to oligomerize into a filament structure capable of activating MAVS. Thus remarkably, although RIG-I and MDA5 share a similar domain structure, their mechanism of viral dsRNA recognition are very distinct, yet correlate well with the nature of the RNA ligand being recognized. Altogether, these studies provide an exciting molecular insight into how RLRs respond to two key viral nucleic acid PAMPs that are distinct from the normal RNA content of a mammalian cell, namely 5′ppp RNA and long dsRNA.
Non-RLR helicases implicated in cytosolic RNA sensing
Apart from the pivotal role of RLR helicases in cytosolic RNA detection, other members of the DExD/H-box helicase superfamily were recently proposed to function as cytosolic RNA sensors (Table 1) . DEAD box protein 3 (DDX3), already known to be an essential component of the virally activated TBK1 complex that phosphorylates IRF3 [26] , was shown to bind viral RNA and proposed to subsequently signal to MAVS for IFN induction [27] . Similarly, DDX60 was demonstrated to interact with RLRs to promote their signaling following RNA virus infection [28] . In myeloid DCs (mDCs), DHX9 was implicated in Poly(I:C) and RNA virus-induced responses following binding to dsRNA and signaling via the adaptor MAVS [29] . Furthermore, mDCs expressed a complex composed of DDX1, DDX21 and DHX36 that mediated dsRNA-dependent immune responses via the adaptor TRIF, normally used by endosomal TLR3 [30] . It was suggested that the constitutively expressed DDX proteins might mediate the initial IFN production, before the IFN-induced RLRs come into play. However further more rigorous analysis of the role of these RNA helicases in directly sensing RNA will be required in order to exactly define their roles in comparison to RLRs, especially given that RNA helicases are implicated in almost all processes of RNA biogenesis and gene induction regardless of a PRR role. Furthermore, unlike the RLRs, which contain a defined signaling domain (CARD), it is currently unclear how RNA detection by the other RNA helicases would engage downstream signaling pathways.
Cytosolic DNA sensing and the role of STING
Endosomal TLR9 is the only DNA sensing TLR and specifically binds unmethylated cytosine-guanosine (CpG)-containing DNA motifs present in bacteria and DNA viruses, but which are rare in the mammalian genome [31] . However in 2005, several groups reported TLR9-independent immune activation by DNA. A study in DNase II-deficient mice demonstrated that the lethality caused by accumulating endogenous DNA and excessive IFN-β production was not reversed in mice lacking TLR9 or MyD88 [32] . Also the cytosolic delivery of mammalian or bacterial dsDNA into macrophages and DCs triggered TLR9-independent cytokine responses [33, 34] . Before any potential DNA sensor was identified, it became clear that the TBK1-IRF3 signaling axis was central for cytosolic DNA responses leading to the induction of type I IFNs and also for the adjuvant effect of DNA-based vaccines in vivo [35] [36] [37] . Later a transmembrane protein found in the endoplasmic reticulum (ER) termed stimulator of IFN genes (STING, also known as MPYS, MITA and ERIS) was identified and shown to function as a crucial adaptor upstream of TBK1 in the cytosolic DNA responsive pathway [38] [39] [40] [41] . Studies of STING-knockout mice clearly demonstrated its essential role in the cytosolic DNA pathway [41] . STING-deficient immune cells, such as macrophages and DCs, were defective in type I IFN production following dsDNA and HSV-1 infection. STING was also required for protection against HSV-1 infection in vivo.
Further studies demonstrated the mechanism whereby STING directs TBK1 to phosphorylate IRF3 by induced proximity as STING could recruit both TBK1 and IRF3 to its carboxyl terminal tail upon stimulation of cells with cytosolic DNA [42] .
However, how DNA actually activates the STING-TBK1-IRF3 signaling axis has been a subject of intense research, and the exact mechanisms are still unclear. Many cytosolic DNA sensors upstream of the STING pathway have been proposed, the idea being that direct engagement of cytosolic DNA by such a sensor somehow mobilizes STING to engage TBK1 and ultimately cause type I IFN induction. Such pathways would also be subject to negative regulation in order to avoid constant IFN induction by endogenous DNA (Box 1). The first candidate cytosolic DNA receptor, DNA-dependent activator of IRFs (DAI, also known as ZBP1), was identified in 2007, even before STING was implicated in DNA responses. DAI was shown to trigger IFN-β gene expression in murine L929 fibroblasts following binding to dsDNA, and interaction with TBK1 and IRF3 [43, 44] . However, Daiknockout mice and knockout cells, such as mouse embryonic fibroblasts, macrophages and DCs, responded normally to DNA [37] , while there is very little evidence to date that DAI engages the STING pathway. This suggests a restricted, and likely cell type-specific, role for DAI in the cytosolic DNA sensing pathway. Another DNA sensor, which responds to ATrich DNA (a hallmark of some pathogen genomes), is RNA polymerase III (Pol III) ( Figure  1) . Pol III was shown to transcribe AT-rich dsDNA, such as Poly(dA:dT), into 5′ppp-containing dsRNA, which subsequently functions as a ligand for RIG-I [45, 46] . This explains why the adaptor MAVS was found to be involved in some DNA responses, as observed for Poly(dA:dT)-stimulated HEK293 cells that are generally unresponsive to DNA ligands [35, 47] . Thus the Pol III sensing pathway, whose physiological relevance is yet to be fully established, operates via MAVS and not STING. Other candidate DNA sensors are listed in Table 1 . Below we highlight the DDX proteins and pyrin and HIN200 domaincontaining (PYHIN) proteins as cytosolic DNA sensors since there have been multiple publications on their roles and mechanisms of action in DNA sensing in the past three years.
Box 1 Negative regulators of DNA sensing
Compartmentalisation and specificity for microbial DNA generally prevents self DNA recognition by TLR9 in the endosome. However, in the case of cytosolic and potentially nuclear DNA sensors this mechanism of discrimination falls apart. Instead any mislocated, naked dsDNA of microbial or host origin is likely recognized to alarm the innate immune system of 'danger'. This ensures host defense against many pathogens, especially intracellular bacteria and viruses, but can have detrimental consequences in cases where accumulated host DNA can lead to the development of severe autoimmune diseases. Thus deoxyribonucleases (DNases) are located at extra-and intracellular locations to immediately degrade endogenous DNA released from apoptotic and necrotic cells. DNase I is found in the extracellular space and serum and mutations of this enzyme have been linked with systemic lupus erythematosus (SLE)-like symptoms [73, 74] . Although TLR7 and TLR9 were shown to play roles in disease pathogenesis [4] , cytosolic DNA sensors are likely to be involved. DNase II, on the other hand, is important for clearance of engulfed DNA in macrophage lysosomes and a defect of this enzyme leads to massive type I IFN production causing embryonic lethality in mice [75] . Cytosolic ER-associated DNase III, termed three prime repair exonuclease 1 (TREX1), digests reverse-transcribed ssDNA intermediates from endogenous retroelements. Mutations in TREX1 are associated with Aicardi-Goutières syndrome (AGS), chilblain lupus and SLE [76] ; and STING has been implicated in the development of AGS in a mouse model [77] .
During pathogen infection, negative regulators are required to prevent overwhelming immune responses and restore homoeostasis. For example, the IFN-inducible E3 ligase TRIM21 was reported to control cytosolic DNA responses by mediating DDX41 degradation [78] . Pathogens have also evolved strategies to block this cytosolic DNA detection system, as has been found for many other PRR pathways [79] . For example, DAI-mediated NF-κB activation is inhibited by M45 of murine cytomegalovirus [80] . Also IFI16 was shown to be targeted by human herpesvirus proteins, including the human cytomegalovirus protein pUL83 [81] and the HSV-1-encoded ICPO, which mediates IFI16 degradation [60] . The poxvirus protein M13L contains a pyrin domain and was shown to inhibit inflammasome activity by binding to the adaptor ASC [82] . It will be interesting to determine if this viral protein also directly interferes with DNA sensors containing a pyrin domain, namely ALRs.
Role of DEAD box proteins in DNA sensing
Similar to the case with cytosolic RNA sensing, DEAD box helicases have also been implicated as sensors of cytosolic DNA (Table 1) . In pDCs, DHX9 and DHX36 were shown to interact with MyD88 and trigger gene expression in response to cytosolic CpG DNA [48] . While DHX9 primarily activated the NF-κB pathway to induce the proinflammatory cytokines TNF-α and IL-6, DHX36 signalled via IRF7 to upregulate IFN-α. How these signaling pathways are selectively regulated downstream of the common adaptor MyD88 remains to be determined, and a rationale is needed to explain how in some cell types DHX9 and DHX36 sense RNA leading to MAVS-and TRIF-dependent signaling (see above), while in other cell types these helicases sense DNA and engage with the MyD88 pathway. A further DDX protein, DDX41, is now strongly implicated in cytosolic DNA sensing, and was shown to interact with the STING-TBK1-IRF3 signaling axis [49] . A role for DDX41 in gene induction and activation of the transcription factors NF-κB and IRF3 was demonstrated in mDCs and human monocytes, using siRNA targeting DDX41. Furthermore DDX41 was shown to interact with dsDNA through its DEAD domain, and also to recruit STING (via the same domain) upon DNA transfection or DNA virus infection.
Role of PYHIN proteins in DNA sensing
Apart from DDX41, the PYHIN protein IFI16 (and its apparent functional ortholog in mice, p204) has been shown to be a DNA sensor operating upstream of STING-TBK1-IRF3 [50] ( Figure 1 ). IFI16 was affinity purified from cytosolic extracts of human monocytes using transfected 70bp-dsDNA from vaccinia virus (VACV70mer) as bait. IFI16 recruited STING to activate the TBK1-IRF3 axis, and knockdown of murine p204 inhibited IRF3 and NF-κB nuclear translocation and gene induction in response to DNA and HSV-1 infection. IFI16 and p204 contain an N-terminal pyrin domain, and two DNA binding HIN200 domains, and IFI16 was confirmed to directly bind VACV70mer in vitro [50] . Besides inducing type I IFNs, cytosolic microbial and mammalian dsDNA also triggers inflammasome activation leading to production of the inflammatory cytokines IL-1β and IL-18 [51] . The PYHIN protein absent in melanoma 2 (AIM2), which has a pyrin domain and just one HIN200 domain, was identified by four independent groups as the DNA sensor that interacted with the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC) followed by caspase-1 recruitment to form the AIM2 inflammasome [52] [53] [54] [55] .
The structure of the PYHIN proteins is consistent with their proposed role as cytosolic DNA sensing PRRs, as they possess a defined signaling (pyrin) and DNA binding (HIN200) domain. Thus IFI16, p204 and AIM2 form a new family of PRRs termed AIM2-like receptors (ALRs) [56] . Furthermore the structure of both an IFI16 and AIM2 HIN domain in complex with dsDNA has recently been solved. This showed that the DNA-receptor complex is formed by electrostatic interactions between the positively charged HIN domain and the dsDNA sugar-phosphate backbone, in a DNA sequence-independent manner [57] . Hence this analysis of how PYHIN proteins engage with DNA provides a rationale as to why dsDNA of any sequence or species seems to be immune-stimulatory if introduced into the cytosol. This suggests that in contrast to cytosolic pathogen RNA, with its clearly defined non-self molecular signatures, cytosolic DNA should be viewed more as a DAMP than as a PAMP.
Studies into the role of PYHIN proteins as DNA sensors have also questioned the idea that it is DNA in the cytosol only, and not in the nucleus, that is immune stimulatory. Although this raises questions as to why host nuclear DNA does not cause an immune response, it is consistent with the fact that many DNA viruses replicate in the nucleus. As such Kerur et al. showed that IFI16, which is located in the nucleus in many cell types, sensed Kaposi's sarcoma-associated herpes virus (KSHV) in the nucleus of endothelial cells leading to formation of an IFI16-ASC-caspase-1 inflammasome in the cytosol [58] . The ability of IFI16 to directly interact with ASC is still controversial, since previous work showed that the two proteins could not co-immunoprecipitate together [52] , while ASC was not required for p204-dependent IFN induction by DNA [50] . Furthermore, IFI16 detected HSV-1 DNA in the nucleus of permissive cells, leading to type I IFN induction [59, 60] . How nuclear sensing of DNA by IFI16 engages the cytosolic STING-TBK1-IRF3 pathway is still an open question.
A novel host second messenger activates STING
Cyclic dinucleotides (CDNs), such as cyclic diguanylate or diadenylate monophosphate (cdi-GMP or c-di-AMP), are bacterial nucleic acid second messengers thought to be PAMPs, because when these are introduced into mammalian cells, similar to dsDNA, they cause STING-dependent type I IFN induction [61, 62] . In fact CDNs were shown to directly bind to and activate STING [63] , which was recently confirmed by several crystal structures of a complex between the carboxyl region of STING and a CDN [64] [65] [66] [67] [68] . Although this appears to be a case of host recognition of yet another pathogen nucleic acid PAMP, the discovery that STING is activated by a novel host cell second messenger, of similar structure to CDNs (described below), suggests that bacterial CDNs may be mimicking this second messenger in order to stimulate STING-dependent type I IFN induction for the benefit of the bacterial pathogen [69] . In a related example, Mycobacterium tuberculosis has been shown to stimulate the p204-STING-TBK1-IRF3 pathway to enable long term infection in vivo [70] .
At the beginning of 2013, a fascinating new signaling pathway activated by cytosolic dsDNA was discovered by the group of Zhijian J. Chen that provides a key missing link between 'upstream' DNA sensing and STING activation. They discovered a factor newly synthesized in mammalian cells following DNA stimulation that activated the STINGdependent pathway, and then isolated and identified this factor as cyclic-GMP-AMP (cGAMP) [71] . cGAMP directly bound to STING, and caused IRF3 activation. In an accompanying paper they also identified cGAMP synthetase (cGAS) as a cyclase that generated cGAMP from ATP and GTP following DNA stimulation [72] . This new signaling axis is similar to the classic cAMP second messenger system where adenylate cyclase generates cAMP from ATP downstream of G protein-coupled receptors. Although the authors showed that cGAS directly bound to DNA, it remains to be established whether cGAS is a bona fide cytosolic DNA sensor with broad relevance in different cell types and whether other DNA sensors, such as IFI16 and DDX41, engage the cGAS-cGAMP system in order to activate STING.
Concluding remarks
Rapid progress has been made in recent years in understanding the physiological relevance of PRR detection of both self and microbial nucleic acids. Furthermore, elegant mechanisms for discriminating self from non-self RNA have been revealed at the molecular level. A whole new field of PRR research has opened up with the appreciation that cytosolic dsDNA is immune stimulatory, leading to the identification of many new putative DNA sensing PRRs, and the discovery of new signaling molecules such as STING and cGAS. Studies into the role of the PYHIN family in DNA sensing have questioned the paradigm that it is only cytosolic, and not nuclear DNA that is immune stimulatory, and further work is needed to delineate the factors involved in nuclear DNA sensing and how potential immune responses to normal host DNA in the nucleus are suppressed. Given the observation that DNA sensing (at least by the PYHIN proteins) is sequence-independent and merely relies on a dsDNA backbone, it seems that although the innate immune system recognizes pathogen RNA as 'stranger', DNA is rather recognized as 'danger'. The in vivo relevance of many of the proposed DNA sensors (Table 1) will also need to be established, which will help to determine which ones have cell type-specific roles and how much redundancy exists, which will help define a hierarchy of sensors with importance in autoimmunity and infectious diseases.
Highlights
• Endosomal TLRs have new functions in sensing RNA.
• Mechanisms are known for how RIG-I and MDA5 discriminate between host and viral RNA.
• Multiple DEAD box helicases have been proposed as nucleic acid sensors.
• New signaling pathways have been found controlling cytosolic DNA responses. Immune cells detect pathogen-derived nucleic acids by various PRR family members present in distinct cellular compartments. The four TLR family members TLR3, TLR7/8 and TLR9 are located in the endosome, where they detect dsRNA, ssRNA or unmethylated CpG DNA, respectively, leading to activation of TRIF-or MyD88-dependent pathways and the upregulation of type I IFNs, inflammatory cytokines and chemokines via IRF and NF-κB transcription factors. Cytosolic RNA detection is mediated by RLRs, i.e. RIG-I and MDA5, that subsequently signal via the mitochondria-localized signaling adaptor MAVS. Uncapped 5′-triphosphate (ppp) RNA is a potent RIG-I ligand, also generated by Pol III following binding to AT-rich dsDNA. However, other dsDNA-induced responses require the ER protein STING to activate the TBK1-IRF3 axis. Upstream candidate DNA receptors include DDX41 and the ALR family member IFI16. cGAS, on the other hand, was identified to synthesize the cyclic dinucleotide (CDN) cGAMP upon DNA stimulation, which then acts as a direct ligand for STING, similarly to bacterial CDNs. The cell type-specific DNA sensor DAI might transduce downstream signaling independently of STING. Furthermore, the ALRs AIM2 and IFI16 trigger the formation of an inflammasome following detection of cytosolic or nuclear DNA, respectively, by recruiting ASC and caspase-1 to induce processing of the inflammatory cytokines IL-1β and IL-18. Table 1 PRRs implicated in sensing microbial nucleic acids a Trends Microbiol. Author manuscript; available in PMC 2014 August 01.
